Plomp's speech reception threshold (SRT) model [R. Plomp, J. Aeoust. Soc. Am. 63, 533-549 (1978)] incorporates a distortion and an attenuation factor that are both expressed in dB and, for hearing-impaired listeners, are greater than 0 dB. The distortion factor is hypothesized to affect the SRT in quiet and in noise and suggests that a hearing-impaired listener will always demonstrate a higher SRT than a normal-hearing listener. The present study examines whether this distortion factor can be explained for many listeners simply by inaudibility of a portion of the speech spectrum. SRTs were obtained from normalhearing and mild-to-moderately hearing-impaired listeners in quiet and at various noise levels. The results indicate that, at high noise levels, when the noise, rather than the quiet threshold, becomes the dominating factor, the SRT functions of both the normal and the mild-to-moderately hearing-impaired group converge and the distortion factor diminishes to zero. Predictions were also made using an articulation index and similar convergence of the two functions was observed.
INTRODUCTION

Listeners with sensorineural hearing loss generally have difficulty understanding speech in quiet and in noise.
Various factors have been described as contributors to this difficulty. The hearing loss itself is the most obvious factor and one believed to primarily affect speech recognition in quiet listening conditions. Several studies have often suggested that listeners with sensorineural hearing loss have poor speech-recognition ability in noise due to additional independent deficits in spectral or temporal resolution. Plomp and his colleagues (Plomp, 1978 ; Plomp and Mimpen, 1979; Duquesnoy and Plomp, 1983; Festen and Plomp, 1986; Plomp, 1986) , for example, have developed a model of the speech-recognition threshold that incorporates a distortion factor designed to represent these independent deficits in spectral and/or temporal resolution.
In recent years, however, several investigators have compared the performance of normal-hearing listeners with hearing loss simulated by noise masking to that of listeners with sensorineural impairment on measures of spectral resolution and have found comparable results between the two groups (Zwicker and Sohore, 1978 In the present article, we will examine whether the distortion factor in Plomp's speech-reception threshold model can similarly be explained by audibility. First, however, Plomp's speech-reception threshold (SRT) model and our hypothesis about how the distortion term in the model might be related to audibility are described in the that the D factor is the limiting factor at high noise levels and that this distortion will result in a greater speech-tonoise ratio (higher SRT) across all levels of noise for the impaired ear. This SRT function, according to the model, will never converge with the SRT function of normalhearing listeners. In fact, according to this model, once the external noise is the factor limiting the audibility of speech at all frequencies, the function of the sensorineural ear will become parallel to the SRT function for normal-hearing listeners, but elevated by D dB. The model implies that hearing-impaired listeners will always require a better speech-to-noise ratio than normal-hearing listeners to yield equal performance in speech recognition, even when the noise, rather than the quiet thresholds, limits the audibility of the speech signal. Tile D factor, suggested by this model, is an independent factor that limits both the quiet and the masked speech-recognition thresholds of the impaired listeners. This study examined whether this factor is related to audibility.
II. THE INFLUENCE OF AUDIBILITY
The hypothesized influence of audibility on the distortion factor is explained in this model with the help of Fig.   2 . The top panel in this figure shows a schematic of the hypothesized noise and speech spectra needed by a normal listener to yield a certain level of performance, such as 50% correct or SRT. The lower bound of the striped region represents the rms spectrum level of a speech-shaped noise, N, whereas the upper bound of the striped region represents the rms speech spectrum, SP. The striped region, therefore, represents the speech-to-noise ratio, distributed across frequency, that is needed to obtain an SRT. The spectral shape of the rms noise and speech spectra shown here are identical, as has been recommended by Plomp (1978 Plomp ( , 1986 The association of a significant D factor with a sloping sensorineural hearing loss, as suggested by Plomp's SRT model, can clearly be illustrated using these hypothetical noise and speech spectra. The middle panel in Fig. 2 , for example, shows the same noise spectrum as in the top panel. The dashed line represents the hearing thresholds of a listener with a moderate-to-severe high-frequency sensorineural hearing loss; an audiometric configuration typical of the majority of subjects tested by Plomp and colleagues. As shown, a significant area of the speech and noise spectra in the mid-and high-frequency region is no longer audible to the impaired listener. According to the articulation index and other similar models, to yield a 50% recognition score in both the top and middle panels, the area of the striped region in both panels must be equal for equal performante levels (i.e., 50% or SRT). That is, the inaudibility of the mid and high frequencies in the impaired ear illustrated in the middle panel must be compensated for by improving the SNR in the audible region, if the same performance criterion is to be attained in both cases. In this case, the noise levels are fixed and the speech levels are adjusted to reach $RT. Consequently, to produce equal striped areas we must raise the speech level for the impaired listeners. As a result, a higher-than-normal SNR is needed for the impaired listeners to attain the same performance level in this noise background. The SNR is in- have previously noted the possibility that inaudibility of high frequencies may result in a measurable D factor in some hearing-impaired listeners. In many cases, noise levels as high as 90 dB SPL are not adequate to mask the high frequencies thresholds for listeners with moderate or severe sensorineural impairment. Speech-recognition ability in this situation is limited by a combination of both noise and audibility. To illustrate the potential influence of audibility on the measured D value in Plomp's SRT model, we examined the results of a study by Plomp and Mirapen (1979) . These investigators measured SRTs in male and female subjects from groups ranging in age from 20-96 years. A measurable distortion factor (D > 2 dB} was observed in all age groups that were 60 years or older. Although Plomp and Mimpen (1979) suggested that this represented an additional auditory deficit independent of the loss of audibility, we suggest that this effect is accounted for by the quiet thresholds of the subjects and the low noise levels used. We hypothesize that when the noise truly becomes the dominating factor, the SRT function of the impaired listeners will eventually converge with the SRT function of the normal-hearing listeners. In the remainder of this paper, we describe an experiment designed to test this hypothesis in a group of elderly hearing-impaired listeners having predominantly high-frequency hearing loss. This group was selected for this experiment so as to match the age range and audiometric configuration of the subjects used in most of the studies by Plomp and colleagues. 
III. EXPERIMENTAL METHODS
A. Subjects
In this study, two groups of subjects participated: young normal-hearing adults and elderly hearing-impaired adults. The young normal-hearing group consisted of ten adults between 21 and 32 years of age and with pure-tone air-conduction thresholds less than 20 dB HL (ANSI, 1989) from 250-8000 Hz. Figure 4 shows the mean puretone air-conduction thresholds for the 20 elderly hearingimpaired subjects, who ranged in age from 65-79 years. All these subjects have mild-to-moderate sensorineural hearing 
B. Material/apparatus
The speech material used consisted of 11 spondees of equal difficulty taken from the CID W-1 list (Dubno et al.,
1984; Van Tasell and Yanz, 1987
). The words used were: drawbridge, eardrum, grandson, northwest, padlock, playground, railroad, sidewalk, toothbrush, woodwork, and workshop. Each of these words was input from a commercially available Auditec audio tape, low-pass filtered at 8 kHz, and digitized at a sampling rate of 20 kHz using a 12-bit analog-to-digital converter and waveform-editing software. The preceding and trailing tape noise of each waveform was trimmed and the rms amplitude of each word was measured. The digitized spondees were randomized and then recorded onto one channel of an audio tape. The masking noise used in this study was generated using a speech-noise generator and a one-third octave-band equalizer. The noise spectrum was shaped to match the long-term spectrum of the digitized spondees (Fig. 5) and then was recorded onto a separate channel of the audio tape. Both channels were then routed to a Grason-Stadler 1704 audiometer and delivered monaurally to a TDH-49 earphone.
C. Procedure
The subjects were tested one at a time in a doublewalled soundproof booth. The threshold at 4000 Hz was obtained from each impaired listener in the presence of the speech-shaped noise presented at the highest level (90 dB SPL). Subjects failing to demonst?ate a shift in threshold at 4000 Hz in this noise of at least 5 dB were excluded from the study. In this way, we ensured that audibility would not be a limiting factor at the highest noise level. The SRT Our AI predictions were generated as follows. First, recall that the mean SRT function, shown for normalhearing subjects in the top panel of Fig. 6 , reveals the speech levels needed for a constant performance criterion (50% correct). According to the AI theory, equal performance implies equal AI, regardless of listening condition or subject group. After calculating the AI across listening conditions from the data for the normal-hearing subjects, an AI value of 0.06 was found to be representative. This value was used to then predict the SRT for both subject groups in the quiet and noise conditions. Thus the results and the Al-based predictions both indicate that when the noise, rather than the hearing loss of the listener is the limiting factor, the D factor becomes zero and the two functions converge. The convergence of the SRT functions from normal-hearing and heating-impaired subjects at high noise levels, observed here and elsewhere (Smoorenburg, 1992) , is consistent with the predictions of the audibility-based articulation index. The error in AI prediction at low noise levels for both subject groups, however, suggests that the particular AI calculation scheme used here was not entirely appropriate. The use of an importance function for hypothetical "average speech," rather than those specific to the speech materials used here may be the primary source of error. Inappropriate weights would have their greatest impact on AI predictions at low noise levels where the frequencydependent sloping hearing loss has greatest impact on the calculations, rather than at high noise levels. As has been noted previously (Humes et al., 1986) , when the speech and noise have identical spectra (as in this study) and the noise is the factor limiting signal audibility, the importance function can be changed radically with no effect on the resulting AI. Thus the fact that the two AI functions converge at high noise levels is fairly independent of the specific importance function used in the AI under the conditions of this study. Errors in prediction made by the AI at low noise levels, on the other hand, are more likely to be affected by changes in the weights. Better AI predictions most likely could have been made by the AI for the low noise levels, if an importance function for the 11 spondees used in this study existed (Studebaker and Sherbecoe, 1993) .
It is important to note that eonelugiong from the•e data may be limited to listeners with mild-to-moderate hearing impairment, in which the noise has been assured to be the factor limiting audibility at high noise levels. The results may not generalize to listeners with more severe heating impairment, although the severity of the hearing loss precludes a definitive test of this possibility. In such cases, however, both the heating loss and the background noise combine to limit audibility and the D value will most likely decrease as the noise level increases, but probably not to zero. As a consequence, a higher-than-normal SNR may be required frequently in listeners with severe impairment, even at high noise levels. In this sense, D does appear to capture a "distortion" factor associated with the hearing loss. Rather than distortion due to poor spectral or temporal resolution associated with cochlear pathology, however, this "distortion" would again be a spectrally based factor due to the filterlike effects of the audiometric configuration on the broadband speech and noise. Consistent with this interpretation of the D factor is the observation, described by Plomp (1986) , that normal-hearing young adults exhibit measurable D when listening to low-pass filtered speech and that D increases as the low-pass filter cutoff frequency decreases. It is possible, however, that deficits in spectral or temporal resolution that are not simple consequences of threshold elevation may exist in listeners with severe hearing loss and may contribute to their speech-recognition difficulties in noise.
Vl. SUMMARY In summary, both the consideration of hypothetical speech and noise spectra and the calculation of the Articulation Index indicate that the distortion factor may not be an independent deficit that results from mild-to-moderate sensorineural impairment. In fact, the phenomenon can adequately be explained by audibility itself. For such listeners, when the noise truly becomes a dominating factor and the entire speech and noise spectrum becomes audible, as in normal-hearing listeners, the distortion factor D becomes zero. It is unclear to what extent this same argument can be applied to the speech-recognition difficulties of listeners with severe hearing impairments. tPlomp and Mirapen only reported the overall noise Icvcl used. The onethird octave-band levels were taken from Fig. I (Duquesnoy, 1983) , which used the same speech materials as the study by Plomp and Mimpen (1979).
